An experiment was conducted to investigate the effects of supplements of sorghum grain (1n1 kg\day), sodium propionate (65 g\day) and intra-abomasal glucose infusion (200 g\day) on the liveweight gain (LWG), glucose metabolism and nitrogen utilization of Hereford steers (four per group) given molasses-based diets ad libitum (molasses 589, urea 18, sunflower meal 194, pangola grass hay 187, minerals 12 g\kg as fed). There was no significant effect of treatment on voluntary feed consumption (97-106 g dry matter (DM)\kg! n (& per day) or DM digestibility (0n564-0n579). The LWG of steers given grain supplements (899 g\day) and sodium propionate (943 g\day) were significantly (P 0n05) higher than those of steers given the basal diet (741 g\day) and basal diet plus glucose infusion (794 g\day).
INTRODUCTION
Molasses is a valuable feed resource in many tropical areas where grain availability is limited (Preston & Leng 1986 ). It has a high content of soluble sugars (sucrose, glucose and fructose), but additional protein, fibre and minerals are required to make the best use of molasses as a complete diet for ruminants. Even when nutrient content is balanced to meet animal requirements, voluntary consumption is lower than that for grain-based diets, and LWG is depressed (Norton et al. 1994 ; Peiris et al. 1995) . Fermentation patterns in the rumen of molasses-fed cattle are characterized by high butyric and low propionic acid concentrations, and when coupled with the observation that no sugar escapes fermentation (Geerken & Sutherland 1969) , it has been suggested that glucose availability may be a major nutrient limitation for the growth of cattle fed molasses diets. Depending on the physiological status of the animal, 19-39 % of absorbed amino acids (Lindsay 1980) and 30-42 % of the propionate produced in the rumen (Leng et al. 1967 ; Wiltrout & Satter 1972 ; Elliot 1980) are used as gluconeogenic precursors in ruminants. Recent studies have shown that propionate is a more potent stimulator of gluconeogenesis in the liver than absorbed amino acids (Danfaer et al. 1995) and that propionate may have a direct physiological role in the regulation of both insulin and glucagon levels in blood (Sano et al. 1995) and on fatty acid composition in sheep (Takahashi & Kayaba 1993) .
Previous studies have shown that when supplements of sorghum grain were added to molasses diets for cattle, both feed intakes and LWG were markedly increased (Peiris et al. 1998) . Although propionic acid concentrations in the rumen of these grain-supplemented cattle increased, it is also likely that sorghum grain provided starch for post-ruminal absorption (McNeill et al. 1971 ; Axe et al. 1987) . The experiment was designed to study further the effects of grain, propionate supplementation and the post-ruminal absorption of glucose on feed intakes, LWG, glucose entry rates and N utilization of cattle given small amounts of grain in molasses diets.
MATERIALS AND METHODS

Animals and their management
Sixteen Hereford steers (liveweight range 206-258 kg) were used in the experiment. All were treated for intestinal parasites by an intra-ruminal administration of oxfendazole (Systamex, Wellcome Australia). Steers were trained to consume molasses over 21 days by progressively increasing the molasses content and decreasing the roughage component in the diet. At the end of the adaptation period, four steers were allocated to each of the three dietary treatments and the remaining four steers were surgically fitted with abomasal cannulae anterior to the pylorus and maintained on a molasses diet for the duration of the study (85 days excluding the adaptation period). At days 35 and 60, eight steers (two steers from each dietary treatment) were introduced to metabolism cages for a period of 25 days. In each period, the fistulated steers were infused intra-abomasally with a glucose solution.
Experimental diets, treatments and feeding procedures
Two experimental diets were used. Diet 1 was composed of urea\molasses, sunflower seed meal, pangola grass (Digitaria decumbens) hay and minerals, and Diet 2 was formulated so that sorghum grain replaced 25 % of the molasses\urea but the nutrient Leche et al. (1982) .
content was the same as that of Diet 1. The chemical composition of dietary ingredients and diet composition are given in Tables 1 and 2 respectively. Four experimental treatments of the following nature were then applied : A, Diet 1 ; B, Diet 1j65 g sodium propionate\day ; C, Diet 2 (molasses\ureajsorghum grain) ; and D, Diet 1jintra-abomasal glucose infusion (200 g\day). Diet 1 was offered ad libitum to steers on treatments A, B and D. Diet 2 (treatment C) was provided at the same level as Diet 1 for steers in treatment A. This experiment was designed and analysed as a 4 (dietary treatments)i2 (periods) factorial experiment with two replicates per treatment per period. All animals were fed once daily each morning. During the period of digestibility, nitrogen balance study and subsequent measurement of glucose entry rates, one quarter of the daily supplement was offered at 4-h intervals from 09.00 h onwards. Molasses and water were available continuously throughout the day.
Measurements and sampling procedures
Feed intakes were recorded weekly and liveweight measured at the start and end of each experimental period (14, 35, 60 and 85 days after the start). Daily feed intakes, feed refusals, and total urinary and faecal excretions were recorded during the final 8 days (nitrogen balance study period) of each 25-day period. During this period, urine was collected into 40-litre shallow tubs containing 150 ml of glacial acetic acid (0n2 % mercuric acetate) while faeces were collected into galvanized trays. Daily faecal and urine excretions were bulked for each animal and stored at k20 mC for analysis.
Measurement of glucose entry rates into blood
All steers were prepared with intravenous catheters in the right jugular vein on the day prior to the determination of glucose entry rates. Catheters were maintained patent overnight with heparin-saline (100 IU heparin sodium\ml saline (9 g sodium chloride\l)). Glucose entry rates were estimated by injecting 7n4 MBq of -[2-$H]Glucose (1n48 MBq\ml saline). The radio-isotope was administered c. 30 min after feeding the first quarter of daily supplement. Blood samples were collected into heparinized tubes (125 IU lithium heparin) every 30 min for the first 3 h and at hourly intervals for the next 5 h. All samples of whole blood were immediately centrifuged at 250 g for 10 min and the plasma stored at k4 mC until analysis.
Sampling of rumen fluid for ammonia and VFA
Samples of rumen fluid were drawn from each steer 2-3 h after feeding by a stomach tube, strained and 10 ml of fluid mixed with an equal volume of 0n2  hydrochloric acid and stored at 4 mC for ammonia analysis. Another 4 ml was mixed with 1 ml of metaphosphoric acid (25 % w\v) containing isocaproic acid (12 mg\ml) as an internal standard and stored at 4 mC until analysed.
Analytical methods
Dry matter contents of feed, refusals and faeces were determined by oven drying at 65 mC for 72 h and ash content was determined by incineration in a muffle furnace for 3 h at 550 mC. Nitrogen contents of feed, feed refusals, faeces and urine were determined by distillation following Kjeldahl digestion (AOAC 1960) . Rumen ammonia concentration was determined by steam distillation using saturated sodium tetraborate, and the molar proportions of VFA were determined by gas liquid chromatography (Hewlett Packard 5830 A).
Plasma was deproteinized by mixing equal volumes of plasma, 0n3  barium hydroxide and 5 % zinc sulphate solution (Somogyi 1945) . After centrifugation (200 g for 10 min) the supernatants were used to isolate the glucose for the determination of specific activity and total concentration by the method of Mills et al. (1981) . The purified glucose was mixed with PCS II scintillation solution (Amersham, USA) and counted in a liquid scintillation analyser (Packard model 1900 CA TRI-CARB). The entry rates and pool size were calculated from the log-linear plot of specific radioactivity and time by the method of White et al. (1969) . The total concentration of plasma glucose was determined by the method of Blakeney & Mutton (1980) . Plasma urea was determined by an autoanalyser method following deproteinization of plasma. Insulin concentration in the plasma of each steer (seven samples\steer) was determined by radioimmunoassay using human insulin as a standard (Berson & Yalow 1973) .
Statistical analysis
Treatment effects on feed intakes, liveweight change, digestibility, N utilization and blood constituents were measured by analysis of variance using the factorial design described previously. Least significant difference (...) was used to compare the treatment effects and their interactions (Steel & Torrie 1960) .
RESULTS
Effects of dietary supplements on steer liveweight gain, feed intake and nitrogen utilization
LWG of steers receiving treatments B (molassesj sodium propionate) and C (molassesjgrain) were significantly (P 0n05) higher than those of steers given treatments A (molasses only) and D (molassesj glucose infusion) (Table 3 ). There were no significant differences in dry matter (DM) and digestible DM intakes of steers given the various treatments. Steers given the basal molasses diet (A) excreted more faecal and urinary N and retained less N than did those given either grain, propionate supplements or intraabomasal infusions of glucose (Table 4) . However, N utilization of steers given either grain, propionate or glucose infusion into the abomasum was not significantly different.
Effects of dietary supplements and glucose infusion on VFA and ammonia concentrations in rumen fluid
Ammonia and VFA concentrations in the rumen fluid of steers given treatment C (molassesjgrain) were higher than those for steers on all other treatments (Table 4) . Steers given treatments B (molassesj propionate) and C (molassesjgrain) had significantly (P 0n05) higher proportions of propionic acid in the rumen fluid than did those given treatments A and D. 
Effects of treatments on glucose metabolism
Steers given grain supplements or infused with glucose had significantly (P 0n05) higher glucose entry rates than those given the other treatments (Table 5 ). There was no significant effect of treatment on either plasma glucose concentrations or glucose pool size. Supplementation with sodium propionate significantly (P 0n05) increased plasma insulin concentrations and decreased plasma urea. Neither grain supplements nor glucose infusion further affected plasma urea, but both treatments significantly increased plasma insulin to levels higher than those found when sodium propionate was fed. There were significant (P 0n05) linear correlations between glucose entry rate (g\kg! n (& per day) and plasma insulin concentration (r# l 0n78), and between N retention (mg N\kg! n (& per day) and glucose entry rate (r# l 0n69).
DISCUSSION
Effect of treatments on DM intake, LWG, N utilization and concentrations of ammonia and VFA in rumen fluid of steers
In the previous study, supplementation with grain significantly increased LWG of steers fed a molasses basal diet (Peiris et al. 1998) . The increased LWG observed was partly attributed to an increased feed intake, apparently stimulated by the consumption of grain. In the present study, feed intakes were restricted to that of steers given molasses and molassesjgrain diets, and under these conditions steers given grain with molasses and sodium propionate with molasses showed significant increases in LWG. There was no significant effect of intra-abomasal infusion of glucose on LWG. Grain supplementation (1n126 kg) of molasses increased propionate concentration in the rumen by 32 % and increased glucose entry rate by 279 g\day. If all this increased entry rate came from grain starch digested in the small intestine, then it may be calculated that c. 28 % of the grain starch may have escaped fermentation in the rumen. This value is similar to that (23 %) measured in sheep given sorghum grain (Peiris 1989), but lower than that usually recorded for cattle (52-43 %) given whole sorghum grain (Theurer 1986 ; Axe et al. 1987) . It would seem that the increased LWG of steers given small amounts of grain could be accounted for solely by the extra glucose flow (as starch) to the small intestine.
The inclusion of only 65 g of sodium propionate per day in the diet for steers fed the molasses diet stimulated LWG to a similar extent as the inclusion of 1n1 kg\day of sorghum grain. Ørskov & Allen (1966) and Ørskov et al. (1966) have also reported that when lambs fed a hay (411 g) and concentrate (500 g) basal diet supplemented with sodium propionate (371 kcal) grew faster than those given only the basal diet. These workers postulated that propionic acid had stimulated gluconeogenesis and increased amino acid uptake into tissues. The infusion of propionate into the rumen of sheep (Ørskov et al. 1979) and cattle (Rook et al. 1963) has been shown to stimulate N retention, but the mechanism of action still remains obscure.
It may be calculated from the limited data available on volatile fatty acid production rates in the rumen of cattle (Esdale et al. 1968 ) that supplementation with 50 g of propionic acid would increase the daily supply of propionic acid by c. 15 %. However, ruminal concentrations were increased by 56 % when this amount of propionic acid was fed to cattle by this supplementation. It is also possible that more frequent samplings of rumen fluid may have permitted a more confident interpretation of these results. The marked improvement in growth and N retention during propionate supplementation may be more closely related to the increased concentration of propionate in rumen fluid than to the additional supply of propionate for tissue utilization. Glucose may be synthesised in the liver from both propionic acid and amino acids. Danfaer et al. (1995) have found that when propionate is infused, 62 % of liver glucose comes from propionic acid, but when amino acids are infused, only 24 % of liver glucose is derived from propionate. Sano et al. (1995) have reported that the intravenous infusion of propionate into sheep stimulates both insulin and glucagon secretion, suggesting that an insulin-mediated increased uptake of glucose into tissues is accompanied by a greater release of glucose from glycogen stores in the liver. These findings suggest that propionate may act as a potent stimulator of gluconeogenesis and glucose release from glycogen in the liver, and may help to explain how the relatively small amount of propionate infused (0n7 mol) generated a greater than expected increase in glucose synthesis (0n35 mol expected, 0n53 mol found).
In the present study, both grain and propionate supplementation increased N retention and the efficiency of absorbed N utilization. Glucose infusion into the abomasum also resulted in an increase in N retention in steers given the basal molasses diet. The increased N retention was accompanied by decreased plasma urea in the blood, suggesting that amino acid degradation was decreased by these treatments.
The relationship between dietary supplement, glucose metabolism, plasma insulin concentrations and nitrogen retention
The addition of dietary grain and propionate supplements or the intra-abomasal infusion of glucose significantly increased glucose entry rates and plasma insulin concentrations in cattle given the basal molasses diets. The glucose entry rates of steers given the basal molasses diet (12n1 g\kg per day) were low relative to steers given other treatments but similar to the value for cattle given molassesjsweet potato forage (12n5 g\kg per day) reported by Rowe et al. (1979) . Infusion of glucose and propionate supplementation resulted in increased glucose entry rates into blood and these rates appear to be much higher than the amounts of glucose (200 g) or propionate (50 g) supplied exogenously. Clark et al. (1977) have reported that when cattle were infused with both glucose and casein into the abomasum, glucose entry rates increased to a greater extent than when either glucose or casein was infused separately. These results suggest that in the present study, when glucose was infused into the abomasum of steers given the molasses and sunflower meal diets, intestinally absorbed dietary protein which had escaped ruminal digestion was spared from degradation in the liver by the presence of the infused glucose. This might further suggest that on the molasses diet, protein available for utilization by the tissues was in excess of energy supply, specifically glucose, for its effective utilization. The plasma insulin concentration of steers infused with 200 g of glucose in the present experiment (69n8 mU\l) was higher than the value reported for non-lactating cows (44n2 mU\l) infused with 660 g of glucose intraabomasally and maintained with intra-ruminal infusions of VFA mixture containing acetate (74 %), propionate (6 %) and butyrate (20 %) as reported by Istasse et al. (1987) . Plasma insulin concentrations were not correlated with plasma glucose concentrations even though there is evidence that increases in the glucose concentration increase insulin secretion in sheep (Boda 1964 ; Manns & Boda 1967 (1980) . A simple colorimetric method for the determination of sugars in plasma urea and increased nitrogen retention of steers when given supplements of propionate, grain and glucose infusion suggest that higher concentrations of insulin promoted amino acid uptake by the tissues and decreased amino acid catabolism, which accounted for increased LWG of steers compared with those given molasses and sunflower meal alone. Since N intake was held constant in this experiment, this relationship further supports the argument developed previously that glucose availability was limiting N retention in steers given molasses and when provided as a dietary source to the intestine, either as undegraded dietary starch or as an infusate, the degradation of absorbed protein was decreased and the efficiency of retention increased. Kempton et al. (1978) have shown a significant correlation between glucose entry rate and LWG in cattle given different molasses diets supplemented with fishmeal. In these studies, increasing glucose entry rates were also associated with increasing energy and protein intakes, and it is not possible to decide which of these factors was directly responsible for increased growth. In the present study, glucose entry only accounted for 26 % of the liveweight change and therefore cannot be considered as the only determinant of improved nutritional status. Indeed steers infused with glucose had similar LWG to steers given molasses alone, and yet glucose infusion increased both glucose entry rate and N retention. Therefore, it would seem that glucose infusion induced a change in tissue composition.
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